Introduction
Almost everyone experience dental treatment as a result of abrasion, abnormal biomechanical stress, deformation of jawbone or accidents, even if best dental care is taken. Very frequently X-ray imaging is used for diagnostic purposes, which causes potentially harmful radiation exposure. Ultrasound, commonly used for imaging soft tissues, avoids the radiation exposure, which makes its application in the dental area highly attractive. Unfortunately, acoustical properties of teeth and alveolar bone tissue make ultrasound imaging much more complicated than with soft tissues. Acoustic impedance steps and specific absorption rates are bigger by at least one order of magnitude [1] . Both reduces drastically the amplitude of the receiving signal from inside structure of the teeth and complicates both detection and analysis. Furthermore, the wavelengths in hard tissues are longer than those in soft tissues by a factor of 2-4. To preserve spatial resolution, the operating frequencies have to be increased by that factor, raising absorption rates even further. However the main challenge for dental ultrasound seems to be the local dependence of the sound speed, violating one of the most fundamental hypotheses of medical imaging, which is (almost) constant -and a priori known -speed of sound. Instead, any imaging algorithm for teeth has to evaluate the local dependence of the sound speed in (known) correlation with acoustic impedances. The presented study investigates possibilities of imaging dental structures using ultrasound data in principle. This is done with the aid of simulated forward-propagated acoustic signals, fed back into a sequence of signal processing steps as a first approach for an imaging method.
Methods
To get ultrasound forward propagation data as input for the imaging procedures a 2-dimensional Finite Element Model of an environment consisting of a transducer, a water/gel coupling zone and a tooth model was set up in Comsol Multiphysiscs ® [2] (cf. Fig. 1 ). The transducer was a line-array of 16 PZT5A-piezo elements with a width of 0.2 mm and a height of 0.33 mm. Their mutual distance was 0.1 mm. A set of simulations was computed, each with one of the piezo element sending a gaussian enveloped sine voltage with a centre frequency of 4.9 MHz. To achieve an optimal impedance matching between the piezo elements and the coupling fluid a polyimide layer with the thickness of a quarter wavelength is used. The tooth model is composed of two concentric ellipses. The outer shell has material properties of enamel, the inner one those of dentin: Young's modulus vs. structure module 52.3 GPa and 31.14 GPa, Poisson's ratio 0.22 and 0.213, density 2950 kg/m 3 and 2200 kg/m³, damping factor 6.67 dB/MHz/cm and 10 dB/MHz/cm [1, 3] . Due to lack of literature values the Poisson's ratio of enamel was estimated. The axes of the outer ellipse have lengths of 1.8 mm and 1.5 mm, the inner dentin ellipse parameters were chosen as 0.7 mm and 0.5 mm. Comsol Multiphysics ® couples the wave equation for the acoustic pressure distribution in fluids with the elastic wave equation for the deformation in solid structures and the electrostatic equation for the electric field in the piezo element. The voltages at the transmitting piezo elements are calculated for the time after switching to receiving and stored in order to be used as input for the imaging process. From the received voltage signals the geometry of the tooth is to be reconstructed. For that purpose the signals are processed according to the following signal flow chain: correction of sound speed -time gain compensation -frequency filter -computing the signal envelope -differentiation of the envelope -(optionally) logarithmic calculus of the amplitudes. Because of the strong differences of the sound speeds in water and inside the tooth, the correction of the sound speed is crucial. In this study a simple correction based on two sound speeds was implemented. Until the first echo arrives, the sound speed of water is assumed and after this a mean sound speed for dental material is used. At the end the signals of all transmitting piezo elements are displayed as Bscan.
Results
For the model outlined above (cf. Fig. 1 ) the B-Scan of the envelope and of the differentiation of the envelope are shown in Figures 2 and 3 . The black contour shows the original tooth slices. The facing wall and the boundary between enamel and dentin as well as the back wall can be clearly detected in Figure 3 . Whereas the contours of the tooth in the envelope representation (cf. Figure 2) are broadened, the contour of the facing wall is clearly sharpened by the differentiation of the envelope (cf. Figure 3) . The second boundary between dentin and enamel cannot be detected in any of the diagrams. The reason is probably the shadowing of the sloping front wall of the dentin. To avoid this effect it has to be done another scan with a different angle. The side walls of the tooth are poorly described by this method. These results from the sound radiated vertically towards the tooth. To improve results for the side walls again a radiation with a different angle of incidence would be helpful.
Discussion
The Figures 2 and 3 illustrate the feasibility of ultrasound imaging of teeth with modest algorithmically effort. Whereas the contours parallel to the transducer, i.e. orthogonal to the main direction of sound propagation, can be reconstructed, 
